Disruptions in stress response system functioning are thought to be a central mechanism by which exposure to adverse early-life environments influences human development. Although early-life adversity results in hyperreactivity of the sympathetic nervous system (SNS) and hypothalamic-pituitary-adrenal (HPA) axis in rodents, evidence from human studies is inconsistent. We present results from the Bucharest Early Intervention Project examining whether randomized placement into a family caregiving environment alters development of the autonomic nervous system and HPA axis in children exposed to early-life deprivation associated with institutional rearing. Electrocardiogram, impedance cardiograph, and neuroendocrine data were collected during laboratorybased challenge tasks from children (mean age = 12.9 y) raised in deprived institutional settings in Romania randomized to a highquality foster care intervention (n = 48) or to remain in care as usual (n = 43) and a sample of typically developing Romanian children (n = 47). Children who remained in institutional care exhibited significantly blunted SNS and HPA axis responses to psychosocial stress compared with children randomized to foster care, whose stress responses approximated those of typically developing children. Intervention effects were evident for cortisol and parasympathetic nervous system reactivity only among children placed in foster care before age 24 and 18 months, respectively, providing experimental evidence of a sensitive period in humans during which the environment is particularly likely to alter stress response system development. We provide evidence for a causal link between the early caregiving environment and stress response system reactivity in humans with effects that differ markedly from those observed in rodent models.
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childhood adversity | early-life stress | HPA axis | autonomic nervous system | stress reactivity D isruptions in stress response system functioning are thought to be a central mechanism by which exposure to adverse early-life environments influences human development. This idea is borne out in rodent models, where the effects of early-life adversity on the development of stress response systems have been well characterized. Exposure to early-life adversityinvolving repeated and prolonged separation of a pup from its mother-results in hyperreactivity of the sympathetic nervous system (SNS) and the hypothalamic-pituitary-adrenal (HPA) axis in adolescence and adulthood and elevations in anxiety, fearful behaviors, and hypervigilance (1) (2) (3) (4) . Stress exposure in mature rodents is associated with immediate, but not lasting, changes in stress response systems (5, 6) , suggesting the presence of an early sensitive period when exposure to adverse environments results in long-term changes in physiological stress response system functioning.
A similar pattern of findings has been observed in some, but not all, studies of HPA axis development in nonhuman primates following early-life adversity. Rhesus and squirrel monkeys exposed to prolonged early-life maternal deprivation exhibit elevated basal levels of cortisol (7-9), enhanced glucocorticoid feedback sensitivity (10) , and heightened cortisol reactivity to social stress in some studies (11, 12) , but lower basal cortisol and reduced cortisol reactivity in others (9, 13, 14) . The effect of maternal deprivation on SNS development in nonhuman primates has been studied infrequently.
Investigations of early-life adversity and stress response system reactivity in humans have produced decidedly mixed findings. Some studies document hyperreactivity of the SNS and HPA axis following early-life adversity (15) (16) (17) (18) (19) and others observe blunted HPA axis reactivity (20) (21) (22) or discordance between SNS and HPA axis responses (23) . Reconciling these inconsistencies has proved challenging for several reasons. First, there is considerable heterogeneity in the type, frequency, severity, and cooccurrence of early-life adversities in human studies, including both abuse and neglect (15, 18, 19, 21, 22) , poverty (24-26), institutional rearing followed by international adoption (17, 20, 27, 28) , or accumulation of multiple adversities, ranging from marital conflict to parental psychopathology (29) (30) (31) . These exposures not only differ widely from each other, they also vary in their resemblance to the exposure used in animal studies: maternal deprivation. Lower morning cortisol and blunted cortisol reactivity are the most commonly reported patterns in studies of maternal deprivation related to neglect or institutional rearing following by international adoption (20, 28, 32) , although elevated basal cortisol and cortisol reactivity have also been observed (17, 27) . Second, existing human research has been unable to identify causal effects of the rearing environment on stress response system development. In animals, physiological Significance Disruptions in stress response system functioning are thought to be a central mechanism by which exposure to adverse earlylife environments influences human development. Although rodent models support this possibility, results from human studies have been decidedly mixed. Using data from an experimental study examining whether random assignment to a caregiving environment alters development of the autonomic nervous system and hypothalamic-pituitary-adrenal axis in humans, we provide causal evidence for persistent effects of the early caregiving environment on stress response system functioning in humans with effects that differ markedly from those observed in rodent models. We also provide evidence of a sensitive period in human development during which the environment is particularly likely to alter stress response system development.
hyperreactivity induced by exposure to early-life adversity can be ameliorated by placement in an enriched environment during puberty (33) , indicating that the neurobiological consequences of early-life adversity may be reversed, at least in part, through improvements to the environment. Although physiological reactivity in humans can be altered in the short term by psychosocial interventions (34, 35) , including in children exposed to maternal deprivation (36, 37) , we are unaware of experimental research examining whether random assignment to a caregiving environment alters patterns of physiological reactivity later in development. Finally, although a sensitive period exists during which the environment has particularly strong influences on stress response system development in animals, studies that can rigorously identify such a period in humans are lacking.
We present comprehensive data on autonomic nervous system (ANS) and HPA axis reactivity from the Bucharest Early Intervention Project (BEIP), the only randomized controlled trial of foster care as an alternative to institutional rearing for abandoned children, to address each of these challenges. First, the nature of early-life adversity in the BEIP closely parallels the type of adversity studied in the animal literature: psychosocial (including maternal) deprivation. Second, the experimental design of the BEIP allows us to identify causal effects of the caregiving environment on long-term development of the stress response system. Finally, the BEIP data are unique in having detailed information on the timing of exposure to adversity, which allows us to determine whether there is a sensitive period of stress response development in humans. Group differences were observed in baseline sympathetic tone, F = 9.94, P < 0.001. Elevated sympathetic tone (i.e., lower resting PEP) was observed among children in the care-as-usual group (CAUG) relative to the foster care group (FCG) and never institutionalized group (NIG) (see Table S1 for all values of ANS measures and Table S2 for all HPA axis measures). No group differences were found in baseline HR, SBP, DBP, RSA, cortisol, or DHEA-S.
Experimental Paradigm. We examined changes in ANS and HPA axis measures during three tasks: two social stressors [the Trier Social Stress Test (TSST), which includes preparation, speech, and math portions; and a peer evaluation task], and one nonsocial stressor (a frustration task). In the entire sample, significant changes in all ANS measures were observed during the social tasks: HR, SBP, and DBP increased, and RSA and PEP decreased (indicating significant PNS withdrawal and SNS activation, respectively). ANS reactivity to the frustration task was less marked, with changes only in HR, DBP, and PEP, all of which increased. Cortisol levels changed significantly across the session, but no changes in DHEA-S were observed.
Causal Effects of the Caregiving Environment. The experimental nature of the BEIP allows causal effects of the caregiving environment on physiological reactivity to be examined. We found strong evidence for causal effects of the caregiving environment on ANS reactivity to social stress. Children randomized to CAUG exhibited significantly blunted ANS responses compared with children randomized to FCG during the preparation, speech, and math portions of the TSST ( Fig. 1 and Table S3 ).
During the preparation period, these effects were present only for DBP (F = 3.95, P = 0.05), but were observed for HR, DBP, and PEP during the speech (F = 4.08-4.90, P = 0.030-0.047), and for DBP and PEP during math (F = 4.35-5.35, P = 0.040-0.023). DBP differences between the FCG and CAUG were marginal during the peer evaluation task, F = 3.83, P = 0.054 (Fig. 2) . No intervention effects were observed for the frustration task.
Significant intervention effects were also observed in cortisol reactivity, examined using multilevel modeling (Materials and Methods) ( Fig. 3 and Table S4 ). The CAUG exhibited significantly blunted cortisol responses over the study session relative to the FCG, t = 2.43, P = 0.016. No intervention effects were observed for DHEA-S reactivity.
Timing of Placement. To evaluate the presence of a sensitive period, we examined whether the timing of placement influenced physiological reactivity among children in the FCG. First, we examined age of placement as a continuous predictor of reactivity. Earlier age of placement was significantly associated with cortisol reactivity, t = 2.41, P = 0.018, such that children placed earlier had an enhanced cortisol response. Earlier age of placement also predicted greater vagal engagement (i.e., RSA enhancement) during the preparation, β = −0.32, P = 0.048, speech, β = −0.38, P = 0.014, and math, β = −0.36, P = 0.020, portions of the TSST. In both cases, patterns among children placed earlier more closely resembled those in the typically developing NIG.
We also examined whether there was a discontinuity in the association of age of placement with cortisol and RSA reactivity. Children placed before 24 months had significantly greater cortisol response than children placed after 24 months, t = 3.22, P = 0.002 (Fig. 4) , a trajectory that more closely resembled NIG. Placement before 18 months was associated with RSA enhancement during each portion of the TSST (preparation, F = 4.64, P = 0.037; speech, F = 9.38, P = 0.004; math, F = 9.15, P < 0.001). A depicts changes in heart rate; B depicts changes in systolic blood pressure; C depicts changes in diastolic blood pressure; D depicts changes in pre-ejection period; and E depicts changes in respiratory sinus arrhythmia. *P < 0.05, two-sided test.
Persistent Alterations in ANS Reactivity Following Psychosocial
Deprivation. After establishing the presence of intervention and timing effects on ANS and HPA axis reactivity, we examined whether children exposed to institutional rearing differed from never institutionalized children (NIG). We were particularly interested in determining whether foster care placement resulted in reactivity patterns similar to the NIG. Children in the CAUG exhibited a pervasive pattern of blunted SNS response to social tasks compared with the NIG, involving reduced SBP, DBP, and PEP reactivity during the TSST and peer evaluation tasks (see Figs. 1 and 2 and Table S3 ). The CAUG also had blunted vagal withdrawal to the frustration task compared with the NIG (Fig. S1 ). Blunted cortisol reactivity across the study session was also observed among the CAUG relative to the NIG ( Fig. 3 and Table S4 ).
Although children randomized to foster care exhibited ANS and HPA axis reactivity patterns that resembled those in the NIG, some differences persisted. Children in the FCG had blunted SBP and PEP reactivity during the speech and math components of the TSST and reduced DBP reactivity during all portions of the TSST ( Fig. 1 and Table S3 ), as well as blunted cortisol reactivity across the study session ( Fig. 3 and Table S4 ).
Pubertal Development. We conducted a sensitivity analysis to determine whether the observed group differences were explained by differences in pubertal development, assessed with a selfreport questionnaire at the same age as physiological reactivity was assessed. Pubertal development was not associated with HR, SBP, PEP, or RSA reactivity and was associated with DBP reactivity in one of five comparisons (during the TSST speech only). Group differences remained unchanged when pubertal development was controlled in models examining reactivity during the TSST speech. Pubertal development was associated with overall cortisol level during the study session, but not cortisol reactivity. When pubertal development was controlled in our analysis of cortisol responses, we observed no change in the pattern of results regarding intervention effects or timing of placement in foster care.
Discussion
Exposure to adverse early-life environments is associated with a range of negative developmental outcomes, including poor mental and physical health and atypical social functioning. Alterations in the development of stress response systems are thought to be a central mechanism linking adverse environments to the onset of developmental problems (4, 38) . Although research in rodents supports this hypothesis, human research has been hampered by inconsistency in the types of adverse early environments studied and an inability to identify causal effects. Here, we demonstrate causal effects of the caregiving environment on physiological reactivity in humans. Random assignment to high-quality family care following institutionalization mitigates otherwise persistent effects of early psychosocial deprivation on the functioning of stress response systems in children.
Normalization of ANS and HPA axis responses among children placed in foster care relative to those who remained in institutional care suggests plasticity in the ANS and HPA axis even after extreme psychosocial deprivation. Intervention effects on both the PNS and HPA axis were evident for children placed before 24 months of age, suggesting the possible presence of a sensitive period during which stress response systems are most strongly influenced by environmental inputs. Earlier age of placement into foster care was associated with normalization of cortisol reactivity and enhanced vagal engagement during social tasks, the latter of which likely reflects greater propensity for social engagement behaviors (39) . Although one prior study observed an association between maternal depression during the first two years of life and child cortisol levels but no association between maternal depression in the third through seventh years of life and child cortisol (40) , these findings provide the first experimental evidence in humans, to our knowledge, of a sensitive period with regard to stress response system development.
Lack of responsive, contingent, and sensitive care is one of the most prominent deviations from the expected environment for institutionalized children, and foster care placement in BEIP is associated with dramatic improvements in caregiving quality and attachment security (41, 42) , both of which might contribute to the intervention effects on stress response system functioning. Maternal presence has a strong regulatory influence on the ANS and HPA axis in rodents and primates (11, 43) , and insecure attachment is associated with elevated cortisol reactivity and vagal withdrawal in young children (44, 45) . Moreover, placement before 24 months in BEIP is also associated with substantially greater odds of developing a secure attachment (42) , indicating a similar sensitive period for attachment security as we observe for cortisol reactivity and vagal regulation. Caregiving quality and downstream effects on attachment security might therefore be mechanisms underlying these effects. Severe early-life psychosocial deprivation is associated with a persistent and pervasive pattern of blunted ANS and HPA axis response to both social and nonsocial stressors, particularly for children in the CAUG who had more prolonged institutional care. Children exposed to institutional rearing exhibited reduced SNS activation to social stressors, blunted vagal withdrawal to a nonsocial stressor, and blunted cortisol reactivity, indicating a consistent pattern of reduced engagement of stress response systems to environmental challenges following early psychosocial deprivation. This pervasive pattern of stress response system hyporesponsivity is inconsistent with patterns observed in the rodent literature following maternal deprivation (1) (2) (3) 46) and challenges some prevailing conceptual models of early-life adversity and stress response system development, which argue that adverse environments should lead to elevated physiological reactivity (47, 48) . The observed pattern of cortisol hyporesponsivity is consistent with several prior studies in humans documenting an association between early-life deprivation and low levels of morning cortisol and blunted cortisol responses to social challenge (20, 28, 32) , although other work has found elevated basal cortisol and heightened cortisol reactivity in children who have experienced social deprivation (17, 27) . The experimental design of the current study clarifies these inconsistencies in prior observational studies. The complex nature of human attachment and social interaction with caregivers might be one domain in which direct parallels with the animal literature are limited, potentially related to the fact that the attachment relationship between children and caregivers is a necessary scaffold for development of numerous uniquely human capacities, including emotion regulation and language (49, 50) . Methodological differences that are difficult to reconcile could also contribute, including different methods used to elicit physiological responses in animals (e.g., restraint or shock) and humans (e.g., social or cognitive challenges).
Maternal presence reduces activation of the HPA axis and ANS in young rodents exposed to a stressor (51) , and in humans, the presence of a supportive caregiver is associated with reduced HPA axis reactivity in young children (52) . Together, these findings suggest that the absence of a caregiver might lead to chronic elevations in activity of the HPA axis and ANS in early childhood, which may ultimately lead to reduced responsiveness of these systems to the environment later in life. Indeed, studies of nonhuman primates have observed that maternal deprivation is associated with a pattern of heightened cortisol production in the first year of life but low morning levels and a flattened diurnal rhythm later in childhood (53, 54) , with childhood hypocortisolism most extreme among infants with the highest cortisol levels in infancy (53) . One mechanism that could explain this pattern is down-regulation of corticotropin-releasing hormone (CRH) receptors in the pituitary due to chronic CRH hypersecretion from the hypothalamus (55); chronic CRH hypersecretion would be associated with elevated cortisol levels initially and reduced levels later in development once receptors have been down-regulated. Indeed, reductions in CRH receptors in the pituitary have been observed in adult rodents exposed to maternal deprivation (3). An alternative mechanism involves heightened negative feedback sensitivity to glucocorticoids in the hippocampus following exposure to elevated cortisol levels early in development, which would inhibit CRH production in the hypothalamus and, ultimately, lead to lower cortisol levels over time (56) .
Regardless of the mechanism, the pattern of hyporesponsivity of the ANS and HPA axis observed among previously institutionalized children is likely to have downstream consequences for their physical and mental health. Cortisol has regulatory influences on inflammatory responses and other immune processes, glucose metabolism, and numerous aspects of central nervous system functioning (56, 57) . Patterns of hypocortisolism similar to those observed among CAUG children are thought to contribute to heightened risk for health problems including chronic fatigue, pain syndromes, and autoimmune conditions (58) . Moreover, the pattern of blunted ANS reactivity among the CAUG children is similar to patterns identified among children with disruptive behavior disorders, including oppositional defiant disorder and conduct disorder (59, 60) . Together, the patterns of blunted stress reactivity among children who remained in institutional care might lead to heightened risk for multiple physical and mental health problems.
Future research is needed to determine the specific aspects of improved caregiving quality that remediate the effects of adverse early environments on stress response system development. These advances will inform caregiving practices for the millions of abandoned and neglected children worldwide and inform the nature and timing of interventions for children exposed to a range of adverse early environments.
Materials and Methods
Sample. The BEIP is a longitudinal study of a sample of children raised from early infancy in institutions in Bucharest, Romania, and the only randomized controlled trial of foster care as an alternative to institutional rearing for abandoned children (61) . A sample of 136 children (aged 6-30 months) was recruited from each of the six institutions for young children in Bucharest. An age-matched sample of 72 community-reared children was recruited from pediatric clinics in Bucharest and comprised the NIG. Half of children in the institutionalized group were randomized to a foster care intervention, resulting in two groups: the foster care group (FCG) and the group who received care as usual [prolonged institutional care (CAUG)]. The study design and methods have been described in detail (61) . Physiological reactivity was first assessed at age 12 y, 8 y after the formal randomized controlled trial was completed and the local authorities began to manage foster care. No differences were found between the CAUG and FCG in sex distribution, age, birth weight, or percentage of life spent in the institution. The mean age at foster care placement was 22.97 months. A total of 138 children participated in the 12-y physiological reactivity assessment (CAUG, n = 43; FCG, n = 48; NIG, n = 47; see SI Materials and Methods for CONSORT diagram).
Ethical Issues. The BEIP was initiated in collaboration with the Romanian government. Study procedures were approved by local commissions on child protection in Bucharest, the Romanian ministry of health, and later an ethics committee including appointees from government and Bucharest University academic departments. In addition, the institutional review boards of the institutions of the three principal investigators reviewed and approved the study. A detailed accounting of efforts to ensure ethical integrity has been published (62) (63) (64) .
Procedures. Approximately 30 min after arriving for the laboratory session, participants provided a baseline saliva sample and were hooked up to the physiological monitoring equipment, described in greater detail below. Next, they completed a 5-min baseline resting period where they were asked to sit quietly without moving. Participants then completed three laboratory-based procedures designed to elicit a physiological response: (i) a peer-evaluation task (65) that was passive in nature (i.e., did not require active responses by the participant); (ii) an evaluated social performance task requiring instrumental cognitive responses-the TSST (66), a widely used stress induction procedure that has been used with children and adolescents (67, 68) ; and (iii) a nonsocial task designed to elicit frustration that required active responses. Each task was followed by a 5-min recovery period during which children were asked to sit quietly, to eliminate carryover effects from one task to another. See SI Materials and Methods for greater details about each of these tasks.
Physiological Measures. Electrocardiogram (ECG) recordings were obtained with a Biopac ECG amplifier by using a modified Lead II configuration (right clavicle, left lower torso, and right leg ground). Cardiac impedance recordings were obtained with a Bio-Impedance Technology model HIC-2500 impedance cardiograph. One pair of mylar tapes encircled the neck and another pair encircled the torso. A continuous 500-μA AC 95 kHz current was passed through the two outer electrodes, and basal thoracic impedance (z0) and the first derivative of basal impedance (dz/dt) was measured from the inner electrodes. A Biopac MP150 integrated the ECG and impedance cardiography (ICG) signals, sampled at 1.0 kHz, using Acqknowledge software. A Colin Prodigy II oscillometric blood pressure machine (Colin Medical Instruments) was used to obtain blood pressure recordings at predetermined times during the study (after the first minute of the two negative feedback portions of the peer evaluation task and after the first and fourth minute of each component of the TSST and the frustration task). See SI Materials and Methods for information on ECG and ICG scoring.
We examined two neuroendocrine markers that reflect HPA axis functioning: cortisol and DHEA-S. Cortisol is the most widely used marker of HPA axis activity in human studies, and DHEA-S appears to have protective effects against some of the negative downstream effects of glucocorticoids, including in the hippocampus (69) . Saliva samples were obtained with cryovial tubes [Immuno-Biological Laboratories (IBL)] by using the drool method.
Participants expectorated ∼1.5 mL of saliva into a cryovial with a plastic straw. Saliva samples were stored immediately at −20°C until they were shipped on dry ice to a laboratory in Boston. Samples were assayed for cortisol and DHEA-S by using commercially available luminescence immunoassay kits (CLIA; IBL). Intraassay and interassay coefficients of variance were acceptable (cortisol: 5.11% and 5.37%; DHEA-S: 6.50% and 5.79%, respectively). See SI Materials and Methods for information on sensitivity of immunoassays and range of values for our sample.
Analysis Methods. We examined group differences in ANS reactivity by using univariate ANCOVAs with group (CAUG, FCG, NIG) as a between-subject factor, controlling for sex. Group differences were followed up with a series of contrasts to first assess intervention effects (CAUG vs. FCG) and then to examine persistent effects of maternal deprivation (FCG vs. NIG; and CAUG vs. NIG). Age was not included as a covariate because no group differences were observed in age at testing, F (1,135) = 0.27, P = 0.76, and inclusion of age worsened model fit in HPA axis models (described below). Reactivity scores were created by subtracting the baseline value of each physiological parameter from the value during task administration. For the peer evaluation task, we subtracted the mean baseline value of each physiological parameter from the mean value across the two evaluation periods of the task. For the TSST, mean baseline values were subtracted from the first minute of each portion of the task (preparation, speech, math), which is standard practice given rapid habituation during the task. For the frustration task, we subtracted mean values in the training phase from the test phase.
Group differences in cortisol and DHEA-S were examined by using multilevel modeling. Both cortisol and DHEA-S were skewed and were logtransformed before analysis. A series of two-level models (observations over time nested within persons) were estimated. This approach allowed us to simultaneously estimate the variance in cortisol and DHEA-S both within and between children over time. All variables were centered before analysis. We first estimated an unconditional growth model that predicted each neuroendocrine marker by Time, with baseline coded as zero. We added quadratic and cubic terms for Time to the model to determine the functional form of the growth trajectory and tested the difference in model fit between the linear, quadratic, and cubic models. We next examined group differences in intercepts (value at baseline) and slopes (linear change over time) of each marker by examining the interaction of time variables (i.e., linear, quadratic, cubic) with group status, controlling for sex. The best-fitting model for cortisol reactivity included linear, quadratic, and cubic terms for Time, and modeled Time as a random effect (i.e., allowed it to vary across children). The best-fitting model for DHEA-S included linear and quadratic terms for Time, and modeled Time as a random effect. Group differences were examined with the same contrasts described above for ANS markers.
